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Myosins are actin-based motor proteins responsible for various motility and signal transduction. Only a small set of myosin classes is present
in plants, and little is known about their functions. Here we showed how a rice myosin gene controlled pollen development by sensing changed
environmental factors. The analysis is based on a gene-trapped Ds insertion mutant Oryza sativa myosin XI B (osmyoXIB). This mutant showed
male sterility under short day length (SD) conditions and fertility under long day length (LD) conditions. Under both SD and LD conditions, the
OSMYOXIB transcript was detected in whole anthers. However, under SD conditions, the OSMYOXIB-GUS fusion protein was localized only in
the epidermal layer of anthers due to the lack of 3′-untranslated region (3′-UTR) and to dilute (DIL) domain sequences following the Ds insertion.
As a result, mutant pollen development was affected, leading to male sterility. By contrast, under LD conditions, the fusion protein was localized
normally in anthers. Despite normal localization, the protein was only partially functional due to the lack of DIL domain sequences, resulting in
limited recovery of pollen fertility. This study also provides a case for a novel molecular aspect of gene expression, i.e., cell layer-specific
translation in anthers.
© 2007 Elsevier Inc. All rights reserved.Keywords: Myosin; Oryza sativa; Photoperiod; Pollen development; Untranslated regionIntroduction
Myosins are actin-based motor proteins that are responsible
for eukaryotic motility, including cytokinesis, maintenance of
cell shape, organelle/particle trafficking and signal transduction
(Mermall et al., 1998; Berg et al., 2001). Phylogenetic analysis
has identified at least 18 classes of myosins (the myosin home-
page, http://www.mrc-lmb.cam.ac.uk/myosin/; Yamashita et al.,
2000), and unique myosin genes have evolved within plants
(Bezanilla et al., 2003). The plant myosins are classified into
only three groups – classes VIII, XI and XIII. No animal
myosins have been identified that belong to these classes
(Reddy and Day, 2001; Jiang and Ramachandran, 2004),
indicating that the myosins in plants and animals have different
biological functions.⁎ Corresponding author. Fax: +65 68727007.
E-mail address: sri@tll.org.sg (S. Ramachandran).
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doi:10.1016/j.ydbio.2007.01.008Compared with animal myosins, little is known about the
functions of plant myosins, although more than 47 plant myosin
genes have been isolated or predicted (Kinkema and Schie-
felbein, 1994; Reddy and Day, 2001; Jiang and Ramachandran,
2004; Hamada et al., 2006; the myosin homepage, http://www.
mrc-lmb.cam.ac.uk/myosin/myosin.html). Studies show that
class XI myosins are involved in rapid cytoplasmic streaming
and organelle movement, whereas class VIII myosins are asso-
ciated with plasma membrane and plasmodesmata. So far, most
of these data have been obtained from immunological, phys-
iological and biochemical or inhibitor studies (Tang et al., 1989;
Radford and White, 1998; Reichelt et al., 1999; Yokota et al.,
1999; Shimmen et al., 2000; Tominaga et al., 2003; Wang and
Pesacreta, 2004; Hashimoto et al., 2005). To our knowledge,
only one myosin mutant was reported in plants. The Arabi-
dopsis myosin XI mutant showed multiple defects including
sterility due to a reduction in epidermal cell size of anther
filament that led to shorter filaments and thus failed to reach
stigma. Their data suggested that the myosin gene played a role
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and Nick, 2004). Reports also showed the role of plant myosins
in pollen tube germination (Heslop-Harrison and Heslop-
Harrison, 1989; Miller et al., 1995; Staiger et al., 2000; Holweg
and Nick, 2004). However, no myosin mutant was reported in
monocotyledonous plants and no data shows the role of myosin
in pollen development. On the other hand, pollen development
is frequently undergone different environmental factors such
as light and temperature. However, little is known about how
pollen development is affected by environmental factors.
Here, we report the identification and characterization of a
rice myosin mutant, in which ORYZA SATIVA MYOSIN XI B
(OSMYOXIB) gene was disrupted by Ds insertion. This mutant
is a photoperiod-sensitive male sterile rice, which exhibits par-
tially normal pollen development under long day length (LD)
conditions and shows abnormal pollen development under short
day length (SD) conditions. Further investigation showed that
the defects in pollen development were due to the abnormal
protein localization of OSMYOXIB among anther-wall layers
(the tapetum, middle layer, endothecium and epidermis) and
their connective tissues after Ds insertion. This study suggests
that OSMYOXIB controls pollen development by post-transcrip-
tional regulation through 3′-untranslated region (3′-UTR) and
dilute (DIL) domain sequences of the gene in a cell-specific and
photoperiod-sensitive manner.
Materials and methods
Plant materials and growth conditions
All Oryza sativa plants in this study belong to the sub-species japonica
(Nipponbare variety). The wild type (WT), mutant or transgenic plants were
grown under greenhouse (natural light) or growth-chamber (Philips 160 W
mercury-blended lamps with 5000 lux (lx)) conditions. The greenhouse envi-
ronment was set to SD conditions, with cycles of 12-h light/12-h dark at 28 °C.
To assess the transition of pollen fertility, plants were grown under growth-
chamber (LD) conditions, using cycles of 14-h light/10-h dark at 28 °C. The
fertility transition was repeated under greenhouse conditions by extending 2 h
of light per day using mercury-blended lamps.
Characterization of mutant phenotype
To evaluate viability, pollen grains were stained with 1% iodine potassium
iodide (I2/KI) solution. The I2/KI solution is widely used for staining starch and
the starch content in pollen grains can serve as an indicator of viability (Song
et al., 2001; http://www.riceweb.org/ses/sesidx.htm). In vitro germination and
pollen tube growth was performed as described by Wang et al. (2000). To
examine the nuclei, mature pollen grains were stained with 4′,6-diamidino-2-
phenylindole (DAPI) solution (Park et al., 1998). Seed viability was evaluated
by triphenyl tetrazolium (TZ) tests. After being soaked for 18 h in water at room
temperature, seeds were cut longitudinally through embryo and endosperm and
stained at 30 °C for 2 h in 1% TZ solution. Plastic section was carried out
according to the manufacturer's instructions (Leica Historesin Kit). 3-μm-thick
sections on slides were stained with 0.25% toluidine blue O, observed under
Leica microscope, and photographed with a Nikon digital camera.
Genetics analysis of the osmyoXIB mutant
The osmyoXIB mutant was crossed with WT plants to obtain heterozygous
seeds. The individuals generated from heterozygous mutants were analyzed for
Basta resistance and the osmyoXIB phenotype. Total of 449 individuals were
used for segregation analysis.Reversion analysis
The homozygous mutant was crossed with transgenic sGFP-Ac plant car-
rying transposase (Kolesnik et al., 2004). GFP negative plants in F2 generation
containing no Ac transposase were selected for further analysis. Genomic
sequences flanking the Ds insertion site (footprint sequences) were obtained by
PCR amplification with an upstream primer: 5′-ACATCTCCCGCTTTCTTCT-
CTA-3′ and a downstream primer 5′-CCCGTACCACATTTTCCATT-3′ and
then sequencing. The putative revertants were then planted and homozygous
revertants were selected in the next generation for phenotype characterization.
Molecular cloning of OSMYOXIB and sequence analysis
The flanking sequences adjacent to the Ds element were obtained with TAIL
PCR as described by Liu and Whittier (1995). The predicted coding sequence
(cDNA) was obtained by searching RiceGAAS using the flanking sequence.
Full-length myosin cDNA was isolated by RACE, as described by Frohman
et al. (1988) using the RACE system (Clontech) following the manufacturer's
protocol. Myosin structure analysis was performed as described by Jiang and
Ramachandran (2004).
Reverse transcription PCR and Northern blot analysis
The total RNAwas extracted using the RNeasy Plant mini kit (Qiagen) from
the following tissues: 3-week-old and mature leaves, immature and mature
stages of flowers, and young and mature roots. The reverse transcription PCRs
(RT–PCRs) were carried out using Qiagen One-Step RT–PCR kit according to
the reference (Jiang and Ramachandran, 2004). 30 μg of total RNAs from each
tissue were fractionated on 0.8% agarose gel containing formaldehyde. Probes
were synthesized using DIG Probe Synthesis Kit (Roche). Northern hybridiza-
tions were carried out according to the manufacturer's instructions (Boehringer
Mannheim).
RNA in situ hybridization
The sense and anti-sense probe for in situ hybridization were prepared using
DIG RNA labeling mix from Roche. RNA in situ hybridization was carried out
according to the protocol provided by the Cold Spring Harbor Laboratory
(http://www.cshl.org/).
OSMYOXIB promoter expression analysis
A 2.3 kb of the OSMYOXIB promoter was amplified from genomic DNA by
PCR amplification using the following primers anchoring the region upstream of
the ATG start codon of OSMYOXIB: 5′-TCGTGGTAGTGATGAGGGATTGT-
3′ and 5′-CCGCTATTATGGAAGGTCAGTT-3′. After verification by sequen-
cing, the fragment was cloned in front of GFP or GUS reporter gene, and then
subcloned into pCAMBIA1300 Ti-derived binary vector for transformation.
Histochemical staining was used for the analysis of GUS expression according
to the reference (Jefferson, 1987). Different stages of leaves, panicles and roots
were freshly collected from mutant or OSMYOXIB: GUS transgenic plants and
then stained with histochemical staining solution (0.02 M 5-bromo-4-chloro-3-
indolyl-bb-D-glucuronide, 0.1 M NaH2PO4, 0.25 M ethylenediaminetetraacetic
acid (EDTA), 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide,
1.0% (v/v) Triton X-100, pH 7.0) for overnight at 37 °C.
Translational fusion between OSMYOXIB and GFP protein
Two primers, 5′-TAAGCTTAGAGATGAAAACGACAA-3′ and 5′-CCAT-
GGCCTGT AAAAACTGGAAGGC-3′ with NcoI enzyme site at the end of
the gene OSMYOXIB, were used to amplify the 3′-fragment of OSMYOXIB
gene and then cloned into pGEM-T Easy vector (Promega). After ligation of
5′-fragment from pOSMYOXIB (SacII/NcoI) and 3′-fragment from PCR (NcoI/
AccI), the ligated fragment was subcloned between the Ubiquitin promoter
and the 5′-end of the GFP gene into pCAMBIA1300 Ti-derived binary vector
(CAMBIA, Canberra, Australia; http://www.cambia.org.au). The construct was
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quencing. The plasmid DNA from pOSMYOXIB–GFP was then introduced
into onion epidermal cells by the Biolistic PDS-1000/He particle delivery
system (Bio-Rad). The construct was also introduced into Agrobacterium
tumefaciens and then transferred into Nipponbare genome as described by Hiei
et al. (1994).
Immunofluorescence
To confirm the localization of the OSMYOXIB cDNA–GFP fusion protein,
paraffin sections from transgenic anthers were used for immunofluorescent
analysis. After deparaffinization, sections were incubated with PBS–BSA (2%
BSA in PBS) buffer for 20 min, and then washed once with PBS. Primary
antibody for GFP (from Clontech) was added and incubated for 30 min. After
washing two times with PBS for 5 min each, sections were then incubated with
the fluorescent secondary antibody (from Molecular Probes) for 30 min in the
dark. After five times of PBS washes, the sections were mounted with mounting
medium. Texas Red–phalloidin was used to visualize the fusion protein.
Microscopy
Leica microscope was used for the morphological observations of pollen
grains and the investigation of GUS activity. The morphology of endosperm
and embryos was observed under SEM. Both GFP activity and localization of
fusion protein were visualized under a confocal microscope (Zeiss, Jena,
Germany).Results
The osmyoXIB mutant was a photoperiod-sensitive male
gametophyte line
By screening a large population of gene-trapped Ds insertion
lines, in which Ds had a promoterless uidA gene encoding glu-
curonidase (GUS) to trap genes (Kolesnik et al., 2004), we
identified a completely sterile mutant under greenhouse con-
ditions. Southern blot analysis showed that the mutant con-
tained single copy of Ds element (data not shown). BLAST
analysis of the sequences flanking the Ds element revealed that
the Ds element was inserted into a myosin gene. The gene
belonged to one of the two major groups of plant myosins –
class XI – and was named ORYZA SATIVA MYOSIN XI B
(OSMYOXIB). To our knowledge, this is the first myosin mutant
of monocotyledons.
To determine whether the male or female gametophyte is
defective in the osmyoXIB mutant, we performed reciprocal
crosses with the homozygous osmyoXIB mutant and its WT
plant. When WT pollen was used as a male donor the osmyoXIB
mutant produced normal seeds. Whereas, when WTwas used as
female parent and the mutant as pollen donor, they produced
abnormal seeds similar to those observed in the homozygous
mutant. When homozygous mutant plants were emasculated
and later pollinated with mutant pollens, they still developed
abnormal seeds. These results clearly confirmed that the os-
myoXIB mutant showed a classic male gametophytic lethality,
suggesting a role for this myosin in pollen development. Further
investigation showed that the mutant exhibited male sterility
under greenhouse conditions (SD, see Materials and methods)
and that the fertility was rescued under growth chamber con-
ditions (LD, see Materials and methods). The fertility rescuewas confirmed under greenhouse conditions by extending 2 h of
light/day using 5000 lx luminous tubes. Thus, the mutant was
identified as a photoperiod-sensitive male sterile line.
The osmyoXIB mutant produced defective pollens and watery
seeds with abnormal embryos under SD conditions
No obvious defect was observed in the mutant during the
vegetative stage of development. However, under SD condi-
tions, anthers of the mutant are paler in color than those of
WT plants. Using 1% I2/KI solution to detect starch content,
more than 97% of pollen grains were not stained, indicating
very low pollen viability (Fig. 1A; Table 1). In addition, 58.7%
of mutant pollen grains showed shape defects compared with
the WT (9.6%), and none of the pollen grains germinated
in vitro (Figs. 1A, B; Table 1). Moreover, most of the mature
pollen grains had only two nuclei instead of the three nuclei
observed in WT (Fig. 1C; Table 2). Overall, most of mutant
pollen grains had no starch, contained fewer nuclei and
showed to be defective in vitro germination. As a result, the
mutant produced watery instead of milky seeds at the milky
stage and seeds were shrunken at the mature stage. Cryo-
scanning electron microscopy (cryo-SEM) analysis of these
mutant seed halves showed a mass of tissue instead of proper
embryos (Fig. 1D). The tetrazolium (TZ) test (see Materials
and methods) showed that the mass of tissue was not viable
(Fig. 1E). In addition to this, the watery seeds failed to
germinate, suggesting that the embryos were defective. These
results were confirmed by in vitro immature embryo rescue by
tissue culture as they failed to produce calli or to germinate in
MS media.
To further investigate the defects of the osmyoXIB mutant
under SD conditions, transverse sections of mutant anthers
were made and compared with those of WT anthers at several
stages of pollen development. In the pollen mother cell stage,
and the tetrad and single nucleate stages, no significant differ-
ences were observed between the mutant and WT cells in-
cluding the tapetum layer (Figs. 1F, G). However, at the
mature stage, the mutant exhibited abnormal pollen shapes and
contained no starch (Figs. 1F6, G6). At this stage, the mutant
also showed a reduction in the number of nuclei within the
pollen grains (Fig. 1C3). Since the mutant showed a defect in
starch content in mature pollens (Fig. 1A), we further analyzed
the starch accumulation at various stages of WT and osmyoXIB
mutant anthers by I2/KI staining (Figs. 1H, I). In the WT
anthers, starch accumulation was observed from the pollen
mother cell stage to the tetrad stage and in pollen grains at the
mature stage of development (Fig. 1H), similar to the pattern
previously reported (Clement et al., 1994; Clement and
Audran, 1995; Clement, 2001). However, in the osmyoXIB
mutant, less starch was detected from the pollen mother cell
stage to the tetrad stage, and no starch at the mature stage
(Fig. 1I).
However, under LD conditions, the mutant exhibited par-
tially normal pollen and seed development similar to hetero-
zygous mutants. Under the conditions, the mutant showed
normal tapetum development and produced color anthers, with
Fig. 1. Phenotype characterization of the osmyoXIB mutant and its revertant. (A) Pollens stained with I2/KI solution. (B) Germinated pollens. (C) Pollens stained
by DAPI: wild type (1); mutant under LD conditions (2); and SD conditions (3); and revertant under SD conditions (4). (D and E) Cryo-SEM images and TZ-
stained mature seeds of WT (1); mutant (2); and revertant (3). (F and G) Transverse sections of WT (F) and mutant (G) anthers at the pollen mother cell (1–3), tetrad
(4), uni-nucleate (5) and mature stage (6). (H and I) Transverse sections of WT (H) and mutant (I) anthers stained with I2/KI solution at the pollen mother cell (1–2),
tetrad (3), uni-nucleate (4) and mature stage (5). Bars: D, E=1.5 mm; others=50 μm.
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1A2; Table 1). Only 30% of pollen grains exhibited a defective
pollen grain shape (Table 1), and the rate for in vitro ger-
mination increased to 11.5% (Fig. 1B2; Table 1). The ratio of
3-nucleus mature pollen grains was up to 29.2% (Fig. 1C2;
Table 2). The seeding rate was also increased to 12.8%.Mutant phenotype co-segregated with a single Ds insertion
To check whether the mutant phenotype was linked to the
Ds insertion, segregation analysis was carried out under SD
conditions. In a set of experiment, we have germinated 177 F2
seeds and sprayed them with the herbicide Basta (the Ds
Table 1
Pollen viability in WT and the mutant
Genotype Stained with I2/KI Pollen shape Pollen tube germination
Dark (stained) Yellow (not stained) Ratio (%) a Normal Abnormal Ratio (%) b Germination No germination Ratio (%) c
WT 512 62 10.8 498 53 9.6 226 467 32.6
Mutant under SD 16 607 97.4 217 308 58.7 0 638 0
Mutant under LD 224 403 64.4 480 206 30.0 76 584 11.5
a The percentage of no viable pollens (Yellow) among total observed pollens.
b The percentage of abnormal pollens in shape among total observed pollens.
c The percentage of pollens with germination among total observed pollens.
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phonithricin amino transferase enzyme, conferring resistance
to the herbicide Basta as described by Kolesnik et al., 2004).
Out of these seedlings 109 were resistant and the rest were
sensitive to Basta resulting in a ratio of Basta resistant to
sensitive as 1.6:1 (Fig. 2A). This distorted ratio was sig-
nificantly less than 3:1 or 2:1 and more than 1:1 in statistical
analysis (χ2 test), which indicated that the osmyoXIB mutant
is a male gametophytic lethality. In another set of experiment,
we analyzed 449 individuals derived from a single hetero-
zygous mutant plant. The genomic DNA was isolated from all
these samples and was subjected to PCRs to detect the pres-
ence of BAR gene for the herbicide Basta. The BAR positive
to BAR negative ratio from PCR results was estimated as 1.7:1
(Fig. 2A) confirming that this mutant was a male gametophytic
lethality. All DNA samples from the population were then
subjected to another set of PCRs using primers designed to 5′,
3′ Ds and their flanking sequence to differentiate three types of
genotypes: WT, heterozygote and homozygote. All these plants
were grown under SD conditions and scored for the charac-
teristic phenotype. The investigation showed that all homo-
zygous mutants were sterile and produced no normal seeds,
whereas heterozygotes exhibited low seeding rate (11.6%)
compared with WT plants (68.5%) (Fig. 2A). This indicated
that the male sterility in the osmyoXIB was linked to the Ds
element.
Revertants of the osmyoXIB mutant recover normal fertility
The homozygous mutants were then used as a female, and
Ac transposase containing transgenic plants were used as a
male donor for crosses. A total of 186 R1 plants were obtained
in which the Ds from the osmyoXIB mutant was expected to
be mobilized as an Ac transposase was supplied in trans. The
R2 seeds obtained from these plants by self-pollination wereTable 2
Nuclei stained by DAPI in mature pollens
Genotype Pollen nuclei 3 Nuclei
rate (%)
3 2 1 0
WT 452 82 0 0 84.6
Mutant under SD 8 289 104 89 1.6
Mutant under LD 182 247 115 80 29.2germinated. Excision PCRs were then performed on the
genomic DNAs isolated from these seedlings using primers
designed to amplify around 188 base pairs (bp) of the flanking
sequence of the Ds. The amplified PCR product was se-
quenced to confirm the flanking sequence and to check the
footprints as an indicator of Ds remobilization from OS-
MYOXIB. Sequence analysis revealed that several plants had
excision bands with footprints, indicating that reversion had
occurred. These revertants showed 6–8 bp of footprints com-
pared with WT sequences (Fig. 2B). Of these, base substitu-
tions were detected in revertant 1 (Fig. 2B), which was one of
the footprint-forming mechanisms (Scott et al., 1996). These
revertants were grown under SD conditions and analyzed for
the phenotype rescue. The results showed that these plants
produced normal, viable pollen grains and seeds like WT (Fig.
1A4, B4, C4, D3, E3). The revertants confirmed that the
phenotype observed in the mutant was due to the Ds insertion
into OSMYOXIB.
OSMYOXIB encodes a myosin class XI protein
The BLAST search of flanking sequences revealed that
the Ds element was inserted into the 31st intron region of a
predicted open reading frame (ORF) by RiceGAAS (Rice
Genome Automated Annotation System, http://www.ricegaas.
dna.affrc.go.jp/). The insertion was accompanied by an 8-bp
target duplication of the host sequence at the insertion site
(Fig. 2B). The predicted cDNA sequence (ORF) was used to
design primer sets to amplify two partial cDNA fragments: a 5′
(from 5′-UTR to middle of the gene) and 3′ (from mid region
overlapping a few hundred base pairs of the 5′ fragment to 3′-
UTR) fragments by RACE (Rapid Amplification of cDNA
Ends). These 5′ and 3′ amplified fragments were confirmed
by sequencing and joined to obtain full-length cDNA. The se-
quencing result indicated that the full-length OSMYOXIB
cDNA was 5187 bp in length, consisting of a 4533-bp-long
coding region, a 277-bp-long 5′-UTR and a 377-bp-long 3′-
UTR (Fig. 3A; GenBank Accession Number AY907549). The
5′-UTR contained a 735-bp-long intron and the coding region
consisted of 38 exons and 37 introns. Compared to the predicted
cDNA sequence by RiceGAAS, 3 exons were missing in the
isolated cDNA sequence and a different exon was added instead
of a predicted exon (data not shown). As a result, the Ds was
inserted into the 30th intron region of the full-length gene
instead of the 31st in predicted cDNA.
Fig. 2. Co-segregation analysis of the heterozygous population under SD conditions and footprints in revertant plants. (A) Genetic analysis for co-segregation
between mutant phenotype and Ds insertion using a heterozygous population. (B) Sequences showing an 8-bp target duplication (red) after Ds insertion into the
OSMYOXIB gene in the mutant and a 6- to 8-bp of footprints (compared to WT) after Ds remobilization in revertants. Base substitutions in revertant 1 were shown
in blue color.
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acids with molecular weight of 171.3 kDa. Phylogenetic analysis
indicated that the myosin was a member of 12 class XI myosins
predicted in rice (Jiang and Ramachandran, 2004). The domain
search was performed using the entire amino acid sequence (http://
www.sanger.ac.uk/Software/Pfam/search.shtml) and the result
showed that the protein was a typical myosin consisting of 5
conserved domains (Fig. 3B). The myosin_N domain is 44 amino
acids long, existing in many other myosins. The head domain is
a motor domain composed of 674 amino acids, with ATP-
binding sites and providing the actin-binding surfaces. The neck
domain is composed of six IQ motifs, which provide the surface
for binding to myosin light chains. The coiled-coil tail domain is
the most viable region, consisting of around 150 amino acids.
Inaddition, the myosin has a DIL domain that is 108 amino acids
long. Among the above 5 domains, the head domain is the most
conserved region. The alignment analysis showed high similarity
(70%, 471/674) in head domain sequences among 4 plant
myosin XI although they were from 4 different families (Fig.
3C). Specifically, OSMYOXIB had similar identity to Arabi-
dopsis or tobacco myosin (around 83%), and showed 78%
similarity to maize myosin. The data suggested that myosins
from plants might have similar functions. However, the lack of
significant similarity in 3′-UTR regions among 4 myosin genes(data not shown) may implicate the differences in their gene
regulations.
The OSMYOXIB gene expressed in leaves, panicles and roots
shown by RT–PCR and Northern blot analyses
To analyze the expression pattern of OSMYOXIB in rice,
RT–PCRs were carried out using WT total RNAs isolated
from roots, leaves and panicles as templates with primers
designed to the 5′- and 3′-UTR. The results showed the OS-
MYOXIB expression in all tested tissues (Fig. 4A). The result
was confirmed by another set of RT–PCRs where a myosin
exon and GUS-specific primers were used to amplify the
myosin–GUS RNA using mutant total RNA samples isolated
from different tissues during various developmental stages
(Fig. 4A). However, no expression was detected when the 3′-
UTR primers were used for RT–PCR with total RNAs from
the mutant tissues as templates (data not shown), indicating
the defect of the 3′-UTR transcript after Ds insertion. In ad-
dition to this, Northern blot analysis was carried out using the
RNA probe prepared from the OSMYOXIB 3′-UTR region.
The result showed that the gene was expressed in all WT
tissues with similar expression signals and did not reveal al-
ternatively spliced forms (Fig. 4B). This result was confirmed
Fig. 3. The genomic organization of OSMYOXIB and the structure and sequence analysis of its protein. (A) Full-length cDNA of the OSMYOXIB gene showing
various regions. (B) The OSMYOXIB protein showing various domains (from Pfam database search; http://www.sanger.ac.uk/Software/Pfam/search.shtml). (C) The
alignment of 4 myosin XI head domain amino acid sequences from rice (GenBank Accession Number AY907549), Arabidopsis (NP_199203), tobacco (BAD72949)
and maize (AAD17931). The “!”mark indicated the amino acid residues with 100% homology highlighted with dark black. Both “*” and “−”marks showed conserved
and divergent residues, respectively. The amino acids with grey background showed the conserved residues, and light grey showed similar residues The sequence
alignment was generated using ClustalX (Version 1.8) (Thompson et al., 1997), and shaded with the MacBoxshade 2.15 program (http://www.isrec.isb-sib.ch/ftp-
server/boxshade/MacBoxshade/; http://www.ch.embnet. org/ index.html).
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Fig. 4. Expression pattern of OSMYOXIB shown by RT–PCR and Northern blot analysis. (A) RT–PCR expression analysis of OSMYOXIB. Top panel: products
using rice actin primers as loading control for WT RNA templates. Middle panel: 3′-UTR primers of OSMYOXIB with WT RNA samples. Bottom panel: forward
myosin and reverse GUS primers with mutant RNA samples. M represents DNA markers. (B and C) Northern blot analysis using 3′-UTR of the myosin gene as a
probe. The bottom panels show total WT RNA staining image after being transferred into nylon membranes for loading control. M in panel B represents RNA
marker. In panels A and B, total RNAs were isolated from young leaves (1); mature leaves (2); young panicles less than 1 cm in length (3); young panicles more
than 1 cm in length (4); flowering panicles (5); root tips (6); and roots without tips (7). In panel C, total RNAs were prepared from the mutant (a–h) and WT (i–p)
under LD or SD conditions. These RNAs were from seedlings (a, e, i, m), roots (b, f, j, n), young panicles (c, g, k, o) and mature panicles (d, h, l, p).
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samples were transferred to a membrane and hybridized with
GUS–RNA probe (data not shown). However, no expression
was detected in the mutant when 3′-UTR probe was used for
Northern blot analysis (Fig. 4C), confirming the defect of
3′-UTR transcript after the Ds insertion. On the other hand,
mRNA transcription was not affected by photoperiod (Fig.
4C) although the mutant showed photoperiod-sensitive male
sterility.
The Ds–GUS and promoter–GUS or GFP expressed in young
panicles and root tips
Since the Ds had a promoter-less uidA gene encoding
glucuronidase (GUS) to trap genes and inserted in the right
orientation, the rice plants were subjected to GUS staining at
various developmental stages. During the vegetative stage of
development, no GUS expression was observed in the aerial
part while the GUS activity could be detected in the root tips.
When mature plants were stained, the GUS expression was
detected in the anthers of young florets from the pollen mother
cell to early single nucleus stage (Figs. 5A, E, F). The root tips
also showed expression (Fig. 5G). On the other hand, trans-
genic plants harboring either the OSMYOXIB promoter–GUS,OSMYOXIB promoter–GFP constructs were analyzed by
histochemical staining, fluorescence microscopy, respectively.
These analyses revealed similar expression profile as observed
by the mutant GUS staining (Figs. 5H–N; promoter–GUS
data not shown). Despite the RT–PCR and Northern blot
results showing the expression of OSMYOXIB in all tested
tissues no GUS or GFP activity could be detected in leaves.
The mutant showed normal mRNA transcription but abnormal
protein localization under SD conditions
To study the OSMYOXIB expression at cellular level, we
analyzed WT, the mutant and transgenic plants harboring the
OSMYOXIB cDNA–GFP, promoter–GUS or GFP constructs
grown under SD and LD conditions. To analyze the myosin
expression at transcriptional level, in situ hybridization was
performed using OSMYOXIB and GUS antisense RNA probes
on transverse sections of anthers at different developmental
stages of WT and mutant plants, respectively, under SD and LD
conditions. The expression pattern in both cases and conditions
was similar, where all layers of anther walls, connective tissues
and the microspores showed the OSMYOXIBmRNA expression
(Figs. 6A, B). Similarly, the GUS and GFP protein were also
expressed in all layers of anthers, connective tissues and
Fig. 5. Expression analyses of gene-trapped GUS in the mutant (A–G) and GFP in the transgenic plants harboring the OSMYOXIB promoter–GFP construct (H–N).
(A) Different stages of mutant florets. (B–D) WT. (E–G) Mutant. (B and E) Young florets. (C and F) Young anthers. (D and G) Roots. (H) Different stages of
florets from theOSMYOXIB promoter–GFP transgenic plants. (I–K)WT. (L–N) Transgenic plants. (I and L) Young florets. (J andM) Young anthers. (K and N) Roots.
Bars: 0.5 mm.
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GUS or GFP constructs under both SD and LD conditions
(Figs. 6C, E). This data suggested that the OSMYOXIB
promoter was active in all tissues of anthers at transcriptional
levels. However, upon GUS staining of the mutant grown under
SD conditions, only the epidermal layer of anthers showed GUS
activity indicating that OSMYOXIB was translated in an
epidermis-specific manner (Figs. 6D2, H) despite the localiza-
tion of mRNA everywhere in anthers as shown by in situ
hybridizations (Figs. 6A, B). The GUS activity was detected
from the pollen mother cell stage to the tetrad stage and
disappeared after the single nucleus stage (data not shown). In
contrast under LD conditions, the gene trap GUS activity can be
detected in all layers of anther wall, connective tissues, and
microspores (Fig. 6D3), similar to the mRNA expression
pattern. These results indicated that the myosin protein
localization in the anther was photoperiod-sensitive, making
the mutant plants sterile under SD conditions and fertile under
LD conditions.
Similar discrepancy was observed when the OSMYOXIB
cDNA–GFP transgenic plants were grown under LD or SD
conditions. The GFP fluorescence could be detected every-
where in anthers of plants grown under LD conditions (Fig.
6F3). However, the GFP expression was restricted to the
epidermal layer, the tapetum layer and the connective tissues
under SD conditions (Figs. 6F2, I). Both the endothecium
and middle layer were devoid of fluorescence (Figs. 6F2, I)
despite the fact that the fusion protein was under the control
of the constitutive ubiquitin promoter. Thus the myosin
localization was not only photoperiod-sensitive, but also cell
type-specific through post-transcriptional regulation. TheTable 3 summarized the expression pattern of the OS-
MYOXIB gene in both transcriptional and translational levels
under SD.
The OSMYOXIB cDNA–GFP fusion protein was distributed in
the cytoplasm
To investigate the subcellular localization of theOSMYOXIB
protein, transgenic rice plants harboring the ubiquitin-promoter-
driven OSMYOXIB cDNA—GFP construct were subjected to
fluorescence analysis. Ubiquitin/35S promoter-driven cDNA–
GFP/GUS constructs have frequently been used for protein
localization studies (Yang et al., 1999; Borrell et al., 2002).
Sections of roots (Fig. 7A) and anthers (Fig. 7B) showed
localization of the fusion protein in the cytoplasm. Similar
results were obtained when mature pollen grains were analyzed
(Fig. 7C). Additionally, the transverse sections of anthers were
subjected to immunofluorescence analysis, and the results con-
firmed the localization of the myosin protein in the cytoplasm
(Fig. 7D).
Discussion
Ds insertion into OSMYOXIB only affected pollen development
The osmyoXIB mutant showed defects in male gametophyte
development. As a result, the mutant produced watery seeds
with defective embryos in the mature seeds. This is possibly
due to the stimulation of the ovaries by the defective pollen
grains, which may result in the watery mass accumulating
(instead of a milky mass) because of a lack of fertilization. A
Fig. 6. Photoperiod-sensitive expression of the OSMYOXIB gene under SD and LD. (A and B) In situ hybridization on anther sections of WTand mutant, respectively.
Control – using OSMYOXIB 3′-UTR sense probe (A1), anti-sense probe under SD (A2) and LD (A3); control – GUS sense probe (B1), anti-sense probe under
SD (B2) and LD (B3). (C and D) GUS expression in anther sections of transgenic plants harboring OSMYOXIB promoter–GUS construct and mutants, respectively.
WT control (C1) and (D1), transgenic plants grown under SD (C2) or LD (C3); mutant plants grown under SD (D2) or LD (D3). (E) GFP fluorescence in WT as a
negative control (E1), in the OSMYOXIB promoter–GFP transgenic plants under SD (E2) and LD (E3). (F) GFP in ubiquitin–GFP transgenic plants as a positive
control (F1), in the transgenic plants carrying OsMyoXIB cDNA–GFP construct under SD (F2) and LD (F3). (G) Enlarged section of anther lobe in WT showing
epidermis layer (EP), endothecium layer (EN), middle layer (ML), tapetum layer (TP), microspore (MS), and connective tissues (CT). (H) Enlarged anther section
in the mutant under SD showing the GUS activity only in EP. (I) Enlarged anther section in the transgenic plants harboring OsMyoXIB cDNA–GFP construct under
SD, showing the GFP activity in EP, TP and CT. Bars: 50 μm.
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Table 3
Protein localization analysis in anther cells under SD a
Cell layers Mutant (Ds–GUS) b OSMYOXIB cDNA–GFP
transgenic plants c
Promoter–GUS/GFP
transgenic plants d
Epidermis + e + +
Endothecium − f − +
Middle layer − − +
Tapetum − + +
Connective tissue − + +
Microspore − − +
a The table shows the protein localizations under SD. Under LD, the localizations were observed in all four layers (epidermis layer, endothecium layer, middle layer,
and tapetum layer), connective tissues, and microspores.
b The structure is the osmyoXIB promoter – head domain sequences – neck domain sequences – tail domain sequences – Ds GUS. The structure of OSMYOXIB in
WT is the osmyoXIB promoter – head – neck– tail – DIL – UTR.
c The structure is the ubiquitin promoter – head – neck– tail– DIL – GFP.
d The structure is the osmyoXIB promoter – GUS/GFP.
e Expression detectable.
f No expression.
Fig. 7. OSMYOXIB–GFP fusion protein localizations. (A) Transgenic rice root
cells. (B) Transgenic rice anther. (C) Transgenic rice pollens. (D) Immunofluo-
rescence analysis of transgenic anther.
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duction using indica and japonica subspecies, as well as in
other species (Okazaki et al., 1995). One of the advantages of
the Ac/Ds transposon system is that revertants of a mutant
can be obtained through the remobilization of the Ds element
in the presence of a transposase source (Ramachandran and
Sundaresan, 2001). We have obtained several revertants of the
osmyoXIB mutant, which rescued the phenotype to the wild
type. The generation of revertants confirmed that the mutant
phenotype was due to the Ds insertion into OSMYOXIB. On
the other hand, despite the expression of OSMYOXIB in the
root tips, no root phenotype was observed in the mutant. This
could be due to the redundancy of myosin gene functions in
roots, as at least 12 class XI myosins were predicted in rice
(Jiang and Ramachandran, 2004).
Cell-specific protein localization affected male fertility with
photoperiod-sensitive manner
The expression pattern discrepancy was observed not only
at the tissue level but also at the cellular level. When in situ
hybridizations on transverse sections of WT and mutant anthers
were carried out using the OSMYOXIB and GUS probes,
respectively, the results clearly indicated that the myosin tran-
script was expressed in all four-wall layers and in connective
tissues and microspores of anther cells (Figs. 6A, B). Similar
expression pattern was observed when GUS-stained sections of
the OSMYOXIB promoter–GUS transgenic plants were ana-
lyzed (Fig. 6C). However, GUS-stained sections of the mutant
(with gene-trapped Ds–GUS) anthers grown under SD condi-
tions showed the GUS fusion protein expression only in the
epidermis layer not in the other cell types under SD conditions
(Fig. 6D2) and the protein localization showed to be normal
under LD conditions (Fig. 6D3). These results suggested that
the localization of the OSMYOXIB protein among the
endothecium, middle and tapetum layers, connective tissues,
and microspores in the mutant anthers was photoperiod-
sensitive.The Ds was inserted into the OSMYOXIB gene prior to
the region encoding DIL domain and 3′-UTR (red arrow in
Figs. 3A, B). Thus, the encoded fusion protein was expected to
be partially functional due to the presence of three main
functional domains namely head, neck, and tail. Therefore,
under LD conditions, the OSMYOXIB protein was expressed
everywhere in the mutant anthers and partially functional. As
a result, some of the mutant pollens might have developed
properly, thus showing the partial fertility. However, under SD
conditions, expression of the OSMYOXIB protein was
detected only in the epidermis of anther wall, and as a result,
mutant pollens could not develop normally and exhibited male
sterility.
Photoperiod-sensitive male sterile mutants have been
reported in various plants including rice (Virmani et al.,
2003). Despite the mapping of a few loci of these genes to
rice chromosomes (Zhang et al., 1994; Mei et al., 1999; Jiang
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OSMYOXIB gene was localized on chromosome 2 at
153.2 cM and is the first photoperiod-sensitive male sterile
gene to be identified in plants.
Photoperiod-sensitive protein localization was controlled
post-transcriptionally by 3′-UTR and DIL domain sequences
The Ds insertion into the OSMYOXIB prior to both re-
gions, DIL domain and 3′-UTR (Figs. 3A, B), affected the
protein localization, which suggests that either one or both
of these regions of the gene may be involved in the post-
transcriptional control. In the OSMYOXIB mutant, GUS fu-
sion protein was detected only in the epidermal layer under
SD conditions due to the lack of DIL domain and 3′-UTR
sequences. On the other hand, in the plants harboring OS-
MYOXIB cDNA–GFP construct the fusion protein could not
be located in the endothecium and middle layers under SD
conditions. This cDNA–GFP translational fusion construct
did not contain the 3′-UTR of the OSMYOXIB gene, which
may be important for the myosin localization in these two
layers. This data suggests that DIL domain sequences might
be responsible for the regulation of myosin protein localiza-
tion in both tapetum layer and connective tissues, whereas the
3′-UTR might be responsible for the localization in the
endothecium, middle layer, and microspores in the anther
development (Table 3).
The post-transcriptional regulation allows a cell to respond
to environmental cues more quickly than de novo transcription
permits (Curtis et al., 1995). Reports have shown that post-
transcriptional regulation is mediated by sites in the 3′-UTR of
the regulated mRNAs (Kuersten and Goodwin, 2003;
Mignone et al., 2005). The translation was regulated by
RNA-binding proteins (regulatory proteins), which bind to the
3′-UTR of target mRNAs (Mazumder et al., 2003). Some
evidences from previous studies on myosins showed similar
regulations. For example, in primary cultured cardiac
myocytes, alpha-myosin heavy chain (α-MHC) is translation-
ally regulated via its 3′-UTR after contractile arrest (Gold-
spink et al., 1997). In another study, the 3′-UTR of beta-
myosin heavy chain (β-MHC) is directly involved in
decreased protein expression that is probably due to RNA–
protein binding within the 3′-UTR (Ashley and Russell,
2000). In OSMYOXIB, we have found the eight tetranucleotide
UUGU repeats which have been shown to be required for
binding of some regulatory proteins (Zhang et al., 1997; Gu
et al., 2004). This provides evidence that OSMYOXIB RNA
may be regulated through these tetranucleotide repeats in the
3′-UTR by binding an unknown protein factor in the anther
wall layers. On the other hand, OSMYOXIB was regulated in
a photoperiod-sensitive manner, probably through its 3′-UTR,
similar to the expression of luciferin-binding protein
in Gonyaulax polyedra, which was shown to be regulated
by circadian rhythm (Mittag, 1996). Photoperiod-sensitivity is
a kind of circadian rhythms, which has been observed in
diverse organisms including plants (Harms et al., 2004).
Clock genes were reported frequently undergoing the post-transcriptional or post-translational regulation (Harms et al.,
2004). Similar reports were also found in myosins. For
example, myosin III (myoIII) in Limulus was rapidly
modified by both light and circadian signals (Battelle et al.,
1998). Despite these reports there is no conclusive data on the
role of myosin 3′-UTR in photoperiod-sensitivity. Besides 3′-
UTR, our data also showed that the sequences encoding DIL
domain might be necessary in the regulation of protein
localization in a photoperiod-sensitive fashion. However,
although DIL domain was also detected in other myosins
(myosin V and similar regions in MyoJ from Dictyostelium,
http://www.mrc-lmb.cam.ac.uk/myosin/), to our knowledge,
the function of this domain is yet to be uncovered.
The OSMYOXIB gene might play a role in nutrient transport in
anther cells through myosin-mediated organelle movement
Although the role of myosin XI in pollen tube germination
has been demonstrated (Staiger et al., 2000), the expression
analysis in this study eliminated the possibility of OSMYOXIB
contributing to this process. On the other hand, our data showed
that the mutant was defective in starch accumulation at multi-
ple stages of pollen development (Figs. 1H, I). The products of
starch mobilization are transported to the anther locules and
used for pollen metabolism, which involves the control of sugar
nutrition, by the anther wall layers (Clement et al., 1994;
Clement and Audran, 1995; Clement, 2001). Therefore, it can
be suggested that OSMYOXIB might play a significant role in
nutrient accumulation in pollens during development.
Class XI myosins were shown to be localized in cytoplasm
or associated to the organelles including plastids suggesting
roles in cytoplasmic streaming and organelle transport (Shim-
men et al., 2000; Liu et al., 2001; Tominaga et al., 2003; Wang
and Pesacreta, 2004). All types of plastids were found in dif-
ferent anther layers, which were shown to play a role in mic-
rospore sugar nutrition through photosynthesis, sugar storage
and its mobilization (Clement, 2001). The OSMYOXIB cDNA–
GFP fusion protein expressed under ubiquitin promoter was
also localized to cytoplasm by GFP and immunofluorescence
analysis (Fig. 7), suggesting a possible role in cytoplasmic
streaming of organelles, thus controlling the sugar transport
during microspore development. Thus the phenotype observed
in the mutant could be due to defects in streaming of organ-
elles which in turn affected the sugar metabolism and thereby
pollen viability.
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